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Ionic Conductivity and Microwave Dielectric Belaxation

of LIAsF6 and LiCiO 4 In Dinethylcarbonate

by

M. Delsignore,* H. Farber and S. Petrucci

D epartment of Chemistry and D epartment of Electrical Engineering

Long Island Center

Polytechnic Institute of New York

Route 110

Farmingdale, NY 11735

ABSTRACT

Audiofrequency electrical conductivity data are reported in the solvent

dimethylcarbonatW (DMC) at 25'C in the concentration range 10 - 4 to 1M for

LiAsF 6 and 10- 4to 0:3M for LiC1O 4 . From 10 - 4 to O-102M the data are 1<

interpreted by the Fuoss-Kraus triple-ions theory leading to the values of the

ion pair formation constant and triple ion formation constant KTI For the

data at higher concentration, it is shown that the change of static permittivity of

the solution (due to the presence of solute ion-pairs and other polar species,

which increase the polarization of the solution) can account qualitatively for the

behavior of the conductance data and their dekation fromthe Fuoss-IKraus

theory. In other words,.these deviations are mostly due to changes in permit-

tivity, not accounted for in the conventional treatmnnt of the data, rather than

by the failure of the theory, which Is better than recognized so far. Introduc-

* Present address: Colgate-Palmolive Co.. Plscataway, New Jersey,
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2-

tion of the quadrupole formation constant Is necessary, however, for LIAsP 6

for a more quantltative treatment of the conductance data. MIcrowave complex

permittivities In the concentration range 0.05M to 0.3N4, frequency range - 1

to 90 GHz are intepreted by two Debye relaxation processes, one due to the

solute and one to the solvent. For LIAsF 6 the 13 ttcher plot, (expressing a

quantity related to the change of the relaxation strcngth(6 -- coot)-with the con-

centration of electrolyte), is nonlinear with the cocentration. Correction of

the concentration, by postulating the presence of dielectrically apolar dimers

linearizes the plot with a quadrupole formatioin constant of the order of'

K ' 50\ - 1, although this flgure is very tentative. For LiAsF 6 both rotation-i

relaxation time an l the distance separation of the charges as calculated from

the apparent dil)ol moment suggest distances of the order of contact ion pairs.

For LiCIO 4 no curvature in the Bttcher plot is vis ble, suggesting that presence

of quadrupoles is not significant for this electrolyte in DMC, a notion a!ready

reported in the likrature. This is somewhat surprising in view of the ionic

association constant to pairs Kp, being an order of magnitude larger for LiCIO4

with respect to LiAsF6 . The distance separation of the charges, as calculated

from the apparen. dipole moment of LiCIO 4 suggests presence of contact

species.

/
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Introduction

Research with the electrochemically relevant electrolyte LiAsF6  a hs been

carried out so far, in this laboratory, in the ethereal solvents 1,2-I)ME' and 2-

MethylTlIF 2 of respective permittivities c=7.05 and (=6.2. This electrolyte .

shows a high solubility (>IM) in the solvent di,nethylcarbonate of c =3.13

Due to its higher electrolyte strength with respect, to LiCIO 4," perhaps due to

steric and donicity properties of AsF- it was thoi ght quite relevant to carry a

parallel investigation of LiAsF 6 and' 2LiClO 4 in DMC also because of the rare

chance to extend to high electrolyte concentrations, a study in a medium of

such low permittivity. Two experimental methods, audiofrequency electrical

conductivity and microwave coaxial and rectangular waveguide rellectometry

(leading to the determination of the complex permittivity c*=c0- Jell) have been

used at the temperature t=25"C. The present work also extends to higher con-

centrations of LiC1O4 , some microwave work reported earlier.

Experimental Part

LiAsF 6 (Agri Chem. Co., Atlanta, Georgia) and LiCIO 4 (C. P. Smith Co.,

Cleveland, Ohio) were dried at 70" va*coacu overnight.' D imethylcarbonate

(Aldrich Chemicaj Co., 99% product) was distlled twice in a -- pyrex

Vigreaux column without grease on the joints. A portion of DMC vas dried

over activated 4A molecular sieves and distilled over them (about 1/5 of

volume of sieves with respect to the liquid). The molecular sieves were dried

at ;--100 'C in vacuo overnight. A conductiviy run for LiAsF6 in DMC distilled

over molecular sivcs gave same results as for DMC distilled without molecular

sieves. For the microwave work, solutions were kept in dessicators. Contact

with open atmosphere WNas kept to a few seconds, namely, the time necessary to

fill the cells. The equipment for the conductance work has been extensively

described. 5 The setups for the microwave work has been reported in previous

..............
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papers.3'6 ' 7 The only change of significance has becn In the automation and

digitization of data capturing. Specifically, the 1000 Ilz modulated signal from

the crystal detectors is now fed to a Hcwlett Iackard 3:108A digital voltmeter

which is sensitive to - lpV. The meter Is part of a loo) comprising a Hewlett-

Packard 41CV calculator a IIP-82160A-1L interface and a, HP82162A thermal

printer. The ac modulated voltage is transmitted to the calculator upon press-

ing a command that induces the calculator to "listen" to the voltmeter. The cal-

culator in turn "talks" to the printer giving the decimal log of the digitized vol-

tage which gets hard copied. The micrometric in-aisurements of the reflector

have also been motorized with the result, that the system is a semiautomatic

reflectometer recol(iing the db vs. distance of the reflector receding from the

mica window holding the liquid at the bottom of tie coaxial line (1-4 Gllz) or

of various waveguides (8-00 GHz).

Results and Discussion

a) Electrical conductance

Table I reports the equivalent electrical conductivities A(Q - Icm 2 eq - 1) and

the molar concentration c (M) for LiAsF 6 in DMC at 25C. Four runs were

performed with two conductance cells of cell constant Kc=0.1156cm - I and

KC=0.2794cm - 1. This last cell was used for Run #4 at c > 0.5M. The cell of

lower constant was recalibrated with recrystalized KCI dissolved in water,

measuring the cell impedance in the frequency range 1000, 5000 Iz and using

the Fuoss et al. equation 8 for the cell calibriation:

A =140.93- 9,.65c1/2-l+58.7.1 cloge + 198.4c.

The result over five solutions was

K.C=(0.1 15±6 0.00() i)cm 1

Fig. 1 shows the same dau in the foriij or logl1 0 A vs. logl 0 c. A dramatic

S7... ............ ....... ....... ,S...A. ,:.-...---.-....... ............ .. .. |.



change, over several order of ma,-gnitudes for A , changing wvithi concentration,

takes place. Clearly, at --1M we have a conductivity compar-able to the one of

LIAsF., in DME at c-1O-4 M , a not too surprising event if one realizes that the

permittivity of the solution has Increased dramatically from (=3.1, the value of

the solvent, as shown below. In the range of elctrolyte concentration 10-4 to

10-2 M, the classical Fuoss-IKraus theory for triple-ion formnation9- reads

gC)r- + TA 0(

with

exp(- 2.303 Vc 1A

g(c) 0

(1 3/ A
031  0

where /8' is the Debyc-Hluckel activity coefficient term

-1.82,l7x 106

((T) 3 /2

andc

S A0+ 0.820.lx 10 6 AO+ 82.501
S a0  e/= r) 3/2  A0  cT I

Is the Onsager conductance term. We have used c = 3.1'2, 71 0.00585, and

A 0(LiAsF 6) = 97.A, n - Icnm2 ecF'1, based on A O = 22.53 in pIropylenecarbllate,

i= 0.0253p and t1 c WValden rule. The results, applyinV Eq. 1 to the dlata, are

determination coliin . .8,Intercept = 1 .033x Slope = 0.0306,

from wvhich IC) = 8.9x 1011 %,1 1 and KT~ = -,4- 1,' having chosen the arbitrary

2
position A ,~=-A'- as done previouisly. Fig. 2 reports an illustration of fune-

3

tion (1) for the present data.



Figs. 3a shows the logj0 A data for LiCIO. in l)MC at 25', plotted vs.

logl 0 c. Table I re)orts the A and c data for the two runs perfornled for IiCIO4

in DMC at 25 C. One can see inmediately by com paring Figs. I and 3 that the

equivalent conductance of LiCIO 4 is one order of magnitude lower than that of

LiAsF 6 at the same total concentration. Application of Eq. (1) to the data at

c<10- 2 M for LiClO 4 is shown in Fig. 3b. Linear regressions of

Ag(c)v/f vs. c(1 - A..) gives r2 = 0.993, Intercept = 0.3937x10- 4 ,
Ao

Slope = 0.0110, from which Kp = 8.OxlO12 - 1 and KT = 418M- 1, with

T 2A T = -A 0 , as done above.
3

For the above calculation we have used ALtc.iO4  115.70 -1 cm- eq- 1 in

DMC, based on \aldlen's rule and the results for LiCIO4 in propylenecarhonate

A0 = 26.75f0 - cm 2eq- 1 and ?I = 0.0253p. By using for both LiAsF. and

LiCIO 4 the data for A o in propylenecarbonate, having the same -C = 0 polar

group as DMC, it is hoped to achieve a reasonable validity of WAalden's rule.

An attempt has been made at this point to see whether the positive devia-

tion of the Fuoss Kraus Ag(c)Vf/ vs. (1-A/Ao)c plot, a trend observed

before1 ,'2 for concentrations higher than c;-Z.10- 2M w,,as due to causes other than

the Ionic strength. It is our contention that the latt.,-r is quite low in DMC and

that. the apparent failure of the theory to represent the data at c > 10- 2 M is in

part due to the inapprol)riate permittivities and viscosities used in the theoreti-

cal expressions. From the microwave portion of the work, we have fitted the

static permittivities ( for LiAsF 6 solutions to the electrolyte concentration c by

a cubic polynomial ,quation which gives by nonlinear regressions

r2  0.9993 = 3.11 + 27.179c- 110.3-10c 2 + 199. 2 5ca (1)

valid up to e = 0.25M. In the same concentration range the solution densities

- ° . .

. . ... .. ... -. .. .... - :- . ..- . - -, : .-. .. . . :. . ..: .. . . .. :. .. ..,. -. ." : :: :: :: : : : : : : :: : : :
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are given by

22r 0 .0900-1~ p =1.0(3+0.1879C-0.2185c ±0.1655c0

valid within ± 0.001 g/cm . It is noteworthy to emphasize the point raised

above that at 0.25M c = 6.20 instead of 3.11, the solvent value. W'e have

then decided to take the variation into aceootint in dealing with the Fuoss-

Kraus theory, a concept alreadly expressed years ago by E.A.S. Cavell"'. In

addition, wve have corrected1 the viscosities by the presence of the electrolyte

iAAsF. by the Einstein equation, aS sugg(estc1b us 2:

77 77[ 1 + 5 71,11[ + Fe] (111)

(,lirR 3 /3)lxwher'e 0 is the voli me fraction -Vc ~ nI nd 1'=6.308x102ii
1000 5

R, the radius of thle pair' (takeni as a sjdini )Iia 1( ell estilli aed bIly tile F) ye

expression r = -17r R 3 ('-) I ('glectii I l," relnees betweenl the decay
k'r

of the Polarization ;-J) and the real1 iliolecIil:11 r' I:> iloli II fue T that eniter tile

D ebye equation. Sinlilarly, =0.0t05's51 liwe; been r('tnined. With

' 1 .7xl1&I z, it results Ri = 3 .7x] 0 an:i 1 emi n al wi tile su in of thle

crystallographic radii for LiAsF 6 giving I?crv .1 xI( cm . One should also

p)oint out, that wve 'ire in complete agr-eiienlt wit', lFuossl inl that Eq. (111)

ought to be used instead of tile expIerilil dul vi~xosities. Thle latter incor-

porates the Fal ke ii hage a terim S1

expressing tile existing velocity graIdil it inl thle Solut Iion w hich arc absent inl the

conductancc experiment where tile solution is nt~ res:I as a whole,. It, results, for

LIA sF 6, in DNMC that F = 0.3 and i 7 71i(1I+0.3c) . iy thle aid of EqIs. 11 and

Ill, We have calculated Eci. 1, namely, the g( c) teril Corrected by (c ) ind ?I

The data for LiAsFG in I) MC are rep~ortedl in Fig. .1. kWe have then tried to ecal-
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culate the right side of Eq. (1) fromn theory, u1singlt tile eX l)reSSi()oslyuos

Ja go (d zi is k i1 4

KV '-FJ 7r La 3 e1 1/0 e b
3000

(IV)

K 1,- uLaL -- 3/2 C /2
KT KAFJ 1000

Specifically, we have equated Eqs.(INV) to the values of K P and of KT for

LiAsF6  found ex pcriinentall-y in thle low conce ntration range, n am ely.

K P=8 .9x10 1 ' N4- nnd KT=4-15N4-l obtaining( (With =3.1'2) a-O.3xio0 8 cm and

aTr=l (5Ax 10 8 cml. Without assialning to these parauneters p~hysical signifleance,

we have used thes( numerical values to calculate Eis. (IV) at all thle concentra-

tions using Eq. (1I) to evaluate (.

Thle results for LiAsF6 solutions in DMC are reported in Fig. -I together

withl the calculated] [A\v1c g( )]c, Cdh cording to the right Side of Eq. (1) and also

by uising A~ -A, as In the original version of tL e! triple-ion theory' . In Fig.
1, 3

4 the solid lines represent these calculated values showing a qualitative trendl

following the dlata at variance with tile original Fuoss-lKraus theory using

c = 3.12 and q 0 00585. Thle introduction of ((c) and -ij E seemns, howev~er, to

have oveircorrected the A g(s) v'c data. The result.- fromn the mlicrowave data.

shown belowv for LiA sF 6 in 1)NI C, indicate that the ion pairs are not the only

comnplex species lpr-se n t. ilie I O t V~e r plot show~s aL stronlg con cave downi cuir-

vatuire ilihcatiiig la-k of' lropl-tiouilmity oh, tihe relaxation strengcthl 0 Cn wvitIIh

the totl1 (oiieiitr:1ioii. Thus, ill turn'l, suggest"cs that:1. the lpolrization ofI the soli-

tioll is, hot) prU_)oljri jjl to c and( that thle total con eelitrationl is (itlri'Qit, Irlmal

thl le 1l mil ar oie Itl rat iou . The Situation is cur r''ledl by thle introduction of'

a quadriipole eqiililitliunin w~ith N' 50N1 '.

WVe hiave appliech thle same criterion to' the Colillitae data. of LiAslF, ili
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1)M C, CX pressig the total cofl Cenlt ratio a by the two in ajor spe des prese at (flreec

ions and tiple ions -ire in milnor ju an titics)

C=(All) + 2(ABl2 ) = cp + 2c 21, q

and using cp rather Ilhai c in the Fuoss-lKraus def~nition

A +13A V-AB

+ A A13

with (A.)=(B) =acp; (AB3) e1)( -a- 3aVT) ; (ARIN) (A.,B) (01.e1 ) leadinig to

tile usual ex pression

,0 A
-A g( c) (1- + V

which differs from Eq. (1) only by the presence of c~ insteadi of c. Fig,. 5

reports the left andI righit side of equaition (V) dfpicted, thle formner by the

experimiental point, the latter by the solid line. Although the dlata for

AT 0 are ovreorreeted in the lower portio- of the curve and under-
A0 1

correcte d in the upiC r portiO a, the general qu-,ilitaitive tren d is followed up to

c~.1 ,a larg-e im proveni t over the original cailmulations using c 3.12 andi

71 0.00585, thle solvent p~rop~erties.

The same sequenice of calen lationi s been qpplied to thle LiCO,4 data.

The Perm ittivity is 'xpesbein t cnn s of ohe cOni entratio n of L iCI0.1 by thle

expression c=3.12 + 7.833c + *17.228c 2 125.0 1c 3 w ithl r2 = 1.0000. The

(IC a~ity or thec soluitionls cani be expressedi by the relatlionl

p:= 1 .063 -- 0.02 iSSn 856± +1.00 7m- 2.lIlliwihi tile inolityo h ouin

and r 2 = w.oto:3. The ave rage lowver dle cay tin ie. of thle pol a ci za ion of the S;oltn-

if as takena to be a pprox i iate ly cjlim l to the relaIxationl tine

-r (27r )-- (27mxI1.3x10" 1 - 122..lxl() secois whih, bv toe aid of thie

1) 1) by3~lrSi)i . rIt/kT1) Ij gives ThI.9 I)- 8 ai.~~is vaIlue iii ho-

ye~~. vx r-.,ii r. . . . . . . . .

. . . . . . . . . . . .. . . . . . . . . . . . . . .
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([lCed( inito tire Ei il Ir re i : I I. re 7rt lo 11 L c/I000 ( 2/5) Vc gives

P= 0.43 an1d , 'q(I + O.-*;3e).

The cal1culationl tinls bec i thenl apl iig equationr (1) a s for t'lre caIse of

thre IASI'n (lata, ulsing 1,1e ( (c) aId I/ dlata. The r'esult's or tis calclaitionl are-

dlepicted inl Fig. 6 wlrere tlie soljid lilies corresp~ond( to thle theoretical1 A g(c) v'sC,

calulaed y tile aidI of eqrr1:itioris k T) A I- id _ ' -A T Tie values

or' a = 3 .8XItO- Ar an11 ""(I = [(5SX 10 ( i have be en used (I base onl the [It of

tic ex p(Ierltd1 1KI ..[ iKl K~ 1Is,\[ from the low coiwentr.Ation

(1:rta. Fromni'. A) tihe samle co!1aside ration as [for Li A>;Fb h( Id, ian-i ely, thle

gr-11ec iiif r~ I t~re :anlae ,a: e x j i e l l:rt 1.1: athioug-h qualditattie * e twomi-

pse a:I re concentration i murge than in thle original theory risingf c = :3.12

:1u1l q - 0.0)0585p.

The diffierecec fromi the L iA I'6 caIse is tbhat thle re is no need of in txro Ilicinrg

I (lria:hrrItole ('ons't:riit, w3 e vilenceil also by the mricr'owav'e (a-ta showing no

e-vidence of' wriadr'rtpol corn )lexation for icio1 , the Ii~ttelicr plot being linear.

Il i Ihaoxe calcrilatioi or A g(c) V" the h~est fit is Ol)(aine(I by the p)osition

A2 A a )'s in li e or-igilll ii at o)- Ii'ars the(o[r'Y9 One coulId s urimise tlhat by
3

:e Uriti ri IKE.111, am1 [\-(I ( 'or'- Li"\s' 6 ) tire lit riay becomre bec ier. Here, how-

eveir, wve xvis i onrrly to st ress thre conrceplt, tbat by rising thle in for: iatio n frolni tire

in i'rowvx eXper'illrrr' (that tlie, perraittivity of' the solurtion chaunges) anud by

correcting- vis('os,-ities, a1 sgi!ciit inn proxe'erret over' the COl1-CrrtT'tiOr r'an1ge

1usabnle by thIe CC) ti nt airce thieoryv c:Il hi e obtainie d.

Ilr other woirds, :t very low pc r'trittivities, where, Very ['cxNv i )11, :1'e preseit,

tiret'rlrr or tire tlervis lot, due to ioic ,tr'eri,_th elfects , but r'ather to tlie

lrlcct of' thle (.fleet or1 ilw l.r'es('rr()W r'g q1:rrtitics ofl' ier1'a ;pecies and

lIil ii ii h r igtie pe rnrIlxi tv( Vicoity e 11(11. Iliipr~oVe ili i ris o -eiy
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Fig. 0 flzatcher function 0(c) - (0,) - vs. c :1nd( vs.

(IlK
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TA BT A; I[

Dielectric Relaxation Parameters and Electrical Conductivity X for
LiAs '6 and LiClO4 in Dimethylcarbonate at Z5°)C at the Concentrations
lnvestig:ted.

LiAsF 6

f f X .

c C € € (G H z) (G -.z) (aI- c m ) J a ..' I e
o 0 o12  ..

0.25 6.20 3.50 Z.50 1.6 22 7.38 x 10-4  0.095 0.06
-4

0.15 5.40 3.40 2.45 1.8 22 1.66x10 -  0.04 0.05

0. 10 5.00 3.30 2.40 1.6 22 3.98x10 "5  0.08 0.05

0.05 4.20 3.20 2.40 1.8 22 2.94x10 - 6  0.04 0.02

LiC1O 4

0.29 6.30 3.40 2.45 1.4 22 1.24 x 10- 4  0,026 0.041
-5

0.19 5.50 3.35 2.45 1.3 2Z 3.22xi 0-  0.053 0.047
h -60.10 4.25 3.30 2.40 1.2 18 3.46xi0 -  0.64 0.28

0b 3.12 2.35 -- 22 ---- 0.35 0.22

a T ae .' the absolute average deviations ( a lc
- exp and

,, alc j )

bSaar, D., Brauncr, J., Farber, H., Petrucci, S., J. Phys. Chem. 82 (1978)

5451.

• .. ,- , .- .. " . .. . .
"'-'-"" ". . . . . . . ..-. . . ..". '--:..... - - i........i" ' ' " ' "....."' " " " " "



TAB3LE I (Continuedl)

Equivalent Conductance Aand Molar Concentration c for Li Cl0 4
in Dirncthylca rbonate; t 25 0 C.

c xl10 4  A

a) (m) (Q - 1 cm 2eq- I

Run No. 1 3.5683 0.0025203

10.720 0.0015583

20.323 0.0013282

42.937 0.0013131

78.760 0.0014885

159.865 0.00Z14,31

412.97 0.0058765

696.65 0.013938

863.82 0.021501

1059.4 0.041264

Run No. Z 1417.4 0.084089

2488.3 0.3368

')Both runs wvere performed wvith a cell of constant K- 0. 1156 cm-



-TAB LF I

Equivalent Conductance A and Miolar Concentration c for
LiAsF 6in IDirnethylca rbon ate; t =250C

Run No. 1 Run No. 2

cO 4  Acl 4 A

-l~~ 2 l- z -1
(M) (S2 cm eq )(M) (~2cm eq

1.8881 0.008235 2.2480 0.007718

3.2683 0.006724 4.9147 0.005702

6. 669' 0.005031 9.2272 0.004404

I1Z.Z8Z 0. 00,052 Z4.829, 0.003526

31.446 0.003626 58.403 0.003832

75.513 0.004Z78 113.06 0.005421

142.59 0.006703 216.50 0.01102

Z8 1. 56 0.016853 427.08 0.03960

412. 96 0.036562 692.08 0. 1442

450.84 0.045138 884.22 0.2935

Run N.3 Run No. 4

1511.9 1.1488 5127 6.8609

18 07. 4 1.6670 10,090 9.002

3110.5 3.9865

Runs 1, 2, and 3 were performedc withi a cell of conbtant J< 0. 1156 cm ,

Run 4 with a cell of constant K =0. 2794cm-
C
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ene or a cc utrosyinmetrical quadrupole 18

L I1.

wh~ich b~y Symmeitry wouIld have a z~ero dipole ionlt In accord to) our contenl-

tion for iASCN in I)NC and D)EC.

Figure 10 reports the HBttchier plot, accordinig to Eq. (VII) for the dielec-

tri c data of LiCIO, in DMC. Linear regrressions giving 500% statistical weight to

the origin gives r2 = 0.905 Slope =7.413 from which one calculates the

apparent dliple moment jit 1 1.()X 10 18 eSu cml. By taking a rigid sphere

mnodel (consistent with having neglected the pov.rization-reaction field trn

(I-- af) gies, = and a =2M310-8ci giving a strong indlication of contact

0 species for LiCLO4 .

It is niotewortihy that no curvatur'e ohr the 13tteher plot is visible, at vari-

ance with the cas;e of LiAsF in 1)NI C, indicating :.pparent absence of quadru--

poles for LiCIO41 in DI)MC. This is somewhat, surprising in view of

1(L1iCO 1 > 1K1-)(LiASF' 6 ) . One could, however, invoke the sim-aller dipole

moment, of LiC 1 ) wi'th respect to I lF6 ience the smaller dipole-dipole

e ne rgy li 1IP2C(o"0/('. r (ith 0 thle angle of inutual orientation) as thle reason for

the undetectable K ,for thle ea.se of LiCO01 .
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r = 0.990 Tnt = 0.017, slope = -12.89 for Kq = 50 NI- One ought to add,

however, that the optimum ft Is rather insensitive on Kq, a value of'

Kq = 30 M- giving almiost as good a result as "Kq = 50 M- 1. Using

ICq = 50 M- , the apparent dipole moment results t = 26.5 x - esu cm,

namely, a= 5.5x 10-8cm, taking a rigid sphere model p = ae for LiAs% in

DNC. With Kq = 30N4-', r2 = 0.990, lnt = 0.063, S = 33.35, L = 23.3 x

10- 8 esu m and au = 4.9 x 10-8 cm

In either case one may be led to the conclusion that am is of the order of

magnitude of the sum of the crystallographic radii. Values for the dirnerization

constants have been calculated by Chabanel et al., 6 from static dielectric data

for LiBr, LiSCN a.idAgClO 4 . The calculation was based on assuming that the

static dielectric inc'ements over the solvent were due to bolh monomer pairs

and dimers or quadrupoles

Ac = 6 1(AB) + 62 (A 2 B)

Implying that the quadr:upoles are polar and that 6,o0. In fact, it was reported

thLt 62 = 1.8 for LiBr, 62 10.8 for LiSCN and 62 = 8.6 for AgCIO 4 giving

quadrupole constants Kq(Lil3r) = 90 M- 1, ](LiSCN) = 20 M- ' and

Kq(AgCLO 4 ) = 15 M - 1. For LiCIO 4 the effect ol quadrupoles was undetect-

able. Later, however, it was found' 7 that for both dimethylcarbonate and

* diethylcarbonate solents, for LiSCN and LiCIO 4 , the microwave complex per-

mittivity data extrapolated to static values co's comparable with the data by

Chlbanel et al. As the microwave data were interpretable by a single 1)ebye

Si'elaxal ation Wl hich was assigned to the rotation of only polar ion-pairs, one had to

conclude 17 that tim dimers were apolar. Hence, the assuiptions on the 62's

inade by Chabane1 and llie calNculate d 1,K had to be Incorre ct. It is also

not eworthy that 11? spectra in ethers in the 20.10cm- range 11(dicalted the pres-

.o

:- -., .' ' -: .-' L - --- : ' ' ' : -, ., - : .'- : . ".. -, . . . ". -., : .- : -. : .- -- -'. .. , ' : .: .: ..; .. " ; L : " :: .' ' : ". : 7 L .
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where jac' I - k'(cl) -'(exp) I and IA(" I - j("( elc) ("( xp) ar- the

absolute values of the deviations." \Ve have already shown In the colidtLictilce

section dealing with the LiAsF6 data that the value of a obtained from the

decay time of the polarization 7r is comparable to the suni of the crystallo-

graphic radii, at lepst ais an order of magnitude. 1i order to gain more struc-

tural information on the system, we have plotted the 136t.cher function is

47rlcxlO- 3  j 2  3co
(1- af) 2  3kT 2Co -- 1

2co+1

in the form (- c,, 2 1vs. c for LiAsF 6 in VDMC. Neglecting the polari-

zability a, reactor field factor of term (1- af) 2 of the order of unity, one would

expect a straight lir c. In fact in Fig. 9 one may see a strong concave down cur-

vature.* This behavior becomes obvious if one realizes that in DMC one ought

to expect much higher dim erization of pairs than in the DME and 2MTHI eth-

ers studied so far. This is because of the lower periiittivity of DMC.

If one accepts the idea that polar dimers are formed, ruled by the equili-

brium 2ABV- (A232 ) and lKq =)then by combining the expressions
(A 1) 2

C = (AB3) + 2(A 2B 2 )

Kq = (A2B 2)/(AB) 2

cp =AB can be calculated for tentative values of KIq. Linear regressions of

q(C) vs. cp should give the best straight line for tne best Kq. The calculation

has been done and shown in Fig. 9 leading to

* Nonlinear regression of

2(,+l0(()=((o- oo01)
3c o

vs. c gives r 2

-- 0.002 - 19.53,1c - 91.273c 2 - 177.023,

glvlhi 501 sLatk.1ca1 weiht 1* the origin.

~~~...- ..-.-.-. --.. ... . ..... .: -.-. :-.. .. ....... ... ..... "-... -. ---.-. :.-".:.7Z . ..---. ;.7:--.---. :.--.--
". --. _;.: ;'-'£ .2 .. ' . . . . . ." . .. =M-'a .m',. m

- '
' .. .. - !



will have to be made by tryin tto Ilicorporate these clanges, noxvwldays ill:L9 tl-

al)le by modern tools ais microwave spect.oictry for C, rather thall trying to

i n)rove oin the mathematical treatment. This to date, expressed by the

Onsager-Fuoss-],raus various editions of the theory'2 remains al unsurpaxssed

legacy of ingenuity, elegance and rigor.

b) Microwave Complex lPerlnittivities

Figures 7 and 8 show representative plots of the coeficient of the real part

0 and of the iiag nary part c" of the coiplex permittivity ( a= ( -- A ", plot'-

ted vs. the frequency f for LiAsF6 and LiC10 4 in DNIC. The solid lines are the

u two Debye single relaxation processes accordiing to tie functiois

(o- (oo 1 (( 0oo 1 - ( 00o,
* = + + coo, (VI)

1 + (f/f) 1 + (f/f 2 )2

= (C- Co) f/f + ( 0 0o- C. f/ 2

1 + (/f1r,) 1 + (f/lr2 )"

with ( 0 9, Coo,f 1 .f2 relaxation parameters. c, is the static perinittivitv of the

solution ( - C00 ) and (Coo ,- 002 ) the respective relaxation strength or solute

and solvent, f, and f2 the relaxation frequencies associnted with the solule and

tile solvent inI the solution. Coo0 should extrapolat( at zero electrolyte concen-

tration to the static permittivity of the purc solvent. In Figs. 7 and 8 the Cole-

Cole plots of the quanitities C(' vs. (' are also dcpicted. The solid lines

correspold to l, he .iri of two I)elbye processes3 accord illg to l,-qs. (VI). In Ille

above, (d' is the Io~al dielectric loss 0 subtracted oh" the contribution due Io flie

condetance cx 1.8xlO12X/f with X the speeilie coil eta ace of tille solu li(,) 1

- lell i). 1 Table i the dielectric relaxation parailletel's 'ire rel)orleI

together Nvith the c,)hlductivlty N. Eqs. (VI) halve een ftted to tie (laOI by a

trial and error procedure ,hat minimize tile siiin iatiolis >1 3 1I'I >31-"il

• • • - . - , . ,*. . " - ° % , % . .
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